The complex interplay and competition among charge, spin, orbital, and lattice degrees of freedom are believed to be the origin of the unexpected magnetic and transport phenomena observed in manganites, such as the colossal magnetoresistance ͑CMR͒.
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The perovskite manganites La 1−x Sr x MnO 3 ͑LSM-x͒ have been extensively investigated in the past decade, and LSM-x crystals became the model object for the investigations of colossal magnetoresistance. [4] [5] [6] [7] [8] [9] [10] The recent observation 11 of large magnetoelectric and magnetocapacitive effects in pure manganites with the composition RMnO 3 ͑where R = rare-earth ion͒ rekindled new interest in these materials. While the search for materials with magnetocapacitive effects has mainly focused on insulating multiferroic materials, 11, 12 it should be possible to attain such effects through manipulation of intrinsic inhomogeneity which is widely observed in doped manganites. 13 For this purpose we carried out investigations of dielectric properties and the magnetocapacitance effect in a single crystal of doped manganite La 0.875 Sr 0.125 MnO 3 ͑LSM-0.125͒, which we present in this paper.
The LSM-0.125 composition is known to have a complex phase behavior and undergo several transitions upon cooling. [6] [7] [8] [9] [10] At temperature T RO Ϸ 450 K, structural transition from rhombohedral to weakly distorted orthorhombic ͑O͒ phase occurs. At temperature T JT Ϸ 270 K, structural transition from a weakly distorted orthorhombic phase to a strongly distorted Jahn-Teller orthorhombic ͑OЈ͒ phase takes place. Magnetism sets in at T CA Ϸ 180 K, but the exact nature of the magnetic order is unclear [5] [6] [7] [8] [9] [10] and will be addressed in this paper. Below T P Ϸ 140 K the system becomes an insulating ferromagnet with orbital ordering in the orthorhombic ͑OЉ͒ phase. 6, 10 The details of this phase behavior are controversial and updated continuously. 3, 6, 10 Moreover, the LSM-x material presents a very complex phase diagram, especially at a low Sr doping. 3 Furthermore, the experimental evidence for inhomogeneous states in manganites is simply overwhelming. 3, 9, [14] [15] [16] These inhomogeneities appear even above the Curie temperature, and the new scale of temperature, T * should be introduced. 3 Below T * the metallic clusters start forming and their percolation may lead to long-range order as well as CMR effect. In our experiments, an attempt for characterizing T * was made in the regime where percolation is not complete.
The low-frequency dielectric properties of doped manganites have been studied previously. [17] [18] [19] In some works, twopoint probe method was used for dielectric measurements, 17, 18 resulting in effects produced by the contact areas. 20 In polycrystalline films they found the effect of a barrier-layer capacitor microstructure created during deposition and oxidation of grain-boundary regions, which form an insulating shell on semiconducting grains. 19 In order to determine the intrinsic dielectric properties of the manganites in this work, we studied the effect of magnetic field on the low-frequency dielectric response using the four-point probe method. We show that the low-frequency dielectric and magnetic measurements are indicative of charge separation in LSM-0.125. We also find that the dielectric permittivity displays a nonergodic behavior and is strongly dependent on how the magnetic field is applied and that giant dielectric permittivity up to 10 9 and magnetocapacitance up to 10 4 % are observed.
The dielectric measurements were carried out on a highquality right-angled-parallelepiped LSM-0.125 single crystal with the sizes of 5.13ϫ 5.13ϫ 7.50 mm 3 and with the c axis parallel to the long axis. The magnetic measurements were done on a cylindrical single crystal with diameter 2.47 mm and with length 1.77 mm. These crystals were characterized in earlier works. 6, 10 The complex dielectric permittivity was measured by the four-point probe method on a precision impedance analyzer Agilent 4294A and a Quantum Design physic properties measurement system 6100 ͑PPMS 6100͒ in the temperatures range of 80-350 K and at frequencies ranging from 10 Hz to 10 MHz in the weak probe electric field applied along the polar c axis. Two electrodes were attached to the square surfaces to apply the ac voltage, and two small electrodes were attached on one of the ac-dc surfaces. The distance between small electrodes was 2.5-3.5 mm. The magnetic measurements were made on a Quantum Design magnetic properties measurement system ͑MPMS͒ in the temperatures range of 80-350 K.
The temperature dependence of the dielectric permittivity, ͑T͒, on cooling at zero external magnetic field ͓zero-field cooled ͑ZFC͔͒ is shown in Fig. 1͑a͒ and the same quantity at zero external magnetic field after field cooling in 2 T ͑ZF-HaFC͒ is shown in Fig. 1͑b͒ . The value of ͑T͒ is obtained from the measured capacitance. The inset in Fig. 1͑a͒ shows the I-V characteristics at several temperatures, indicating good Ohmic behavior. The temperature dependence of the dc resistivity ͑T͒ is shown in the inset of Fig. 1͑b͒ . The ac resistivity of the sample in the low-frequency range coincides with its dc resistivity and increases slowly at high frequencies. It is found that for the case of ZFC the value of ͑T͒ increases up to 10 7 below T ϳ 270 K and does not vary much in the temperature range of 180-270 K, but it rapidly increases below T ϳ 180 K, forming a sharp peak at temperature ϳ150 K. It is noted that the maximum of the ͑T͒ value corresponds to the minimum in the resistivity ͓see the inset in Fig. 1͑b͔͒ . The sharp decrease of the dielectric permittivity at T P is an evidence of the high quality of our sample. Below T P = 140 K, ͑T͒ decreases continuously as the temperature is decreased. The peak in ͑T͒ is slightly suppressed for the ZFHaFC measurement.
Figures 2͑a͒ and 2͑b͒ show the temperature dependence of ͑T͒ cooling in the external magnetic field of 4 T ͑FC͒ and upon heating in the same field after field cooling ͑FHaFC͒. A deep minimum was observed in the FC state at a temperature ϳ165 K ͓Fig. 2͑a͔͒, while an extremely large peak was obtained in the FHaFC process at the same temperature ͓Fig. 2͑b͔͒. Using no magnetic field, this peak in ͑T͒ during FHaFC shows at T P = 140 K as demonstrated by Fig. 1͑b͒ . The applied magnetic field shifts the peak to a higher temperature with a significant rate of ⌬ H T p Х 5 K per tesla. The value of ͑T͒ at the peak increases rapidly with the magnetic field. Therefore, the magnetocapacitance ⌬ / ͑0͒ = ͓͑H͒ − ͑0͔͒ / ͑0͒ at the external field H = 4 T in the FHaFC state ͑H ʈ c-axis͒ shows very large values as shown in Fig. 3 . For comparison, we show the field dependence of the magnetocapacitance ⌬ / ͑0͒ for the case where the magnetic field is perpendicular to the c axis at T = 180 K in the inset of Fig. 3 . It is obvious that colossal magnetocapacitance effect is manifested in the LSM-0.125 single crystal.
The saturation magnetization M S ͑T͒ and magnetic susceptibility ͑T͒ are plotted in Fig. 4 . Below about 200 K the magnetization varies nonlinearly with the applied field. The value of M S ͑T͒ was determined as the intercept extrapolated to H = 0 for the linear portion of the magnetization and ͑T͒ as its slope between 1 and 5 T ͑see the inset in Fig. 4͒ . The sharply increasing magnetization at small magnetic fields is another piece of evidence of the high quality of our sample. A maximum in ͑T͒ and the rise of M S ͑T͒ suggest a magnetic transition in the vicinity of 200 K. In addition ͑T͒ shows small anomalies at the structural phase transition at 270 K. Similar anomalies at 270 K are also observed in ac magnetic susceptibility. Our results on the temperature dependence of the dielectric and magnetic properties show that the LSM-0.125 has large dielectric permittivity and magnetocapacitance at T Ͻ 270 K. The effects are particularly strong in the temperature range of 140Ͻ T Ͻ 185 K, where the permittivity depends upon the history of applied magnetic field. The strong magnetocapacitance and the field-history-dependent behavior are evidence of the interplay between capacitance and magnetism, as well as spin-glass-like behavior in the temperature range of 140Ͻ T Ͻ 185 K. Below T = 140 K an antiferromagnetic long-range orbital order sets in, which makes the in-plane superexchange interaction positive following the Goodenough-Kanamori rule, thus producing a ferromagnetic insulator, in which charges are localized as spin polarons. In the temperature range of 140Ͻ T Ͻ 185 K, the system is magnetic but lacks orbital order. Thus the superexchange interaction can be positive or negative depending on the mutual orientation of the d orbitals on Mn ions, and this is most likely the origin of the spin-glass behavior. We attempted to obtain direct evidence of the spin-glass behavior by magnetic measurements. However, strong ferromagnetic components made the hysteresis in the susceptibility very weak and the results were inconclusive. But some evidence of spin-glass behavior was found at ac and dc magnetic measurements. 21 According to the pulsed neutron pair-density function ͑PDF͒ analysis in LSM-x a doped hole is spread over three Mn sites even when it is localized as a polaron.
14 The insulator-to-metal transition occurs at x = 0.17 by percolation, 14, [22] [23] [24] [25] [26] and the LSM-0.125 we studied is close to the percolation threshold. Thus holes are not totally confined to a single polaron, and there should be a high density of locally connected strings or patches of polarons within which holes can move relative easily. We may characterize this state as the state with nanoscale phase and charge segregation. Since the metallic patches are surrounded by FM or spin-glass insulators, they do not contribute to the dc conductivity, but they do affect the ac conductivity, which leads to a high dielectric constant. Thus the giant dielectric permittivity observed could be called the intrinsic Maxwell-Wagner behavior, because charge dynamics of the metallic areas produce high permittivity.
On the La 1−x Sr x MnO 3 phase diagram, increasing Sr concentration results in a metallic state with ferromagnetic order. Therefore, irrespective of the mechanism of phase segregation ͑the double-exchange interaction, 27 ferrons, 28 bipolarons, 29 or other models 3,30 ͒, we can conclude the following: Relatively large patches with multiple holes should be ferromagnetic or superparamagnetic metal. Applied magnetic field will thus promote the formation of such coagulated holes and will influence the distribution of holes in various ways depending on the topology and geometry of the patches. In this line of argument, it is not difficult to see how the applied magnetic field could modify the dielectric response of the system. It is possible that when the system is cooled in a high magnetic field, holes coagulate more intensely to form a higher density of ferromagnetic metal than in the case of the zero-field cooling, which, in turn, increases the dielectric response. This scenario explains the strong magnetocapacitance effect in this system.
Our results suggest that the charge segregation occurs at temperature below 270 K, where the structural transition from a weakly distorted orthorhombic ͑pseudocubic͒ phase to the strongly distorted Jahn-Teller orthorhombic phase occurs. An extra increase of the resistivity below 270 K could be explained by the charge segregation. In fact the resistivity is expected to increase when charge segregation occurs without percolation of metallic areas. Thus it reduces the conductivity, as shown in the inset of Fig. 1͑b͒ and increases the dielectric response.
It should be noted that the high values of dielectric permittivity also could arise due to an interfacial polarization and an external Maxwell-Wagner relaxation process. 20 Particularly, within this scenario, the CMR effect can lead to a high value of magnetocapacitance coefficient. 31 Nevertheless, there are several reasons to believe that the giant dielectric permittivity is an intrinsic effect rather that the one caused by the contact areas. ͑i͒ The temperature dependence of the ac resistivity of the sample has a weak frequency dependence and the value at low-frequency range agrees with the dc resistivity. ͑ii͒ Very different values of the dielectric permittivity are observed at different temperatures even when the value of the conductivity is practically the same ͑for example, at 135, 160, and 210 K͒. ͑iii͒ Giant dielectric permittivity is observed only at a limited temperature range ͑T Ͻ 270 K͒. ͑iv͒ It is also very important that the four-point probe method is used for the measurements.
High values of dielectric response are consistent with the thickness of the insulated areas of ⌬l Ϸ 1 ϳ 20 nm ͑⌬l Ϸ Al / 0 , where 0 is the dielectric permittivity in the absence of the charge separation, 0 Ϸ 60; A is the unknown coefficient, which takes into account that we have a series of capacitances and the real surface of the metallic region is larger than the sample cross section͒. This estimate is also consistent with the characteristic dispersion frequency 0 ͑ 0 ϳ 10 4 -10 5 Hz͒. If we assume the dynamic MaxwellWagner effect, the characteristic frequency can be given by MW =1/RC ͑in our case R =1 ⍀, C =10 −4 -10 5 F͒. Therefore, the low-frequency behavior of the dielectric properties is consistent with the charge dynamics in the nanoregions. But it is impossible to explain such an extreme value of the dielectric permittivity only by the presence of the thin insulated areas, because their number should be large and it suppresses the effect. Therefore, it is necessary to take into account the dynamic character of metallic patches and their weak interaction with the lattice. Thus, if we take into consideration the motion of the charged metallic patches as a whole in an external electric field, it should help to explain extremely high values of dielectric permittivity. However, further theoretical research is needed before concluding about the effectiveness of such a mechanism.
In conclusion, the temperature dependence of the dielectric and magnetic properties of the La 0.875 Sr 0.125 MnO 3 single crystals were investigated in a wide range of temperature and external magnetic field. A giant dielectric permittivity was observed at temperatures below 270 K. The features of these properties are attributed to the nanoscale dynamic inhomogeneities appearing at the prepercolation regime of charge ordering. The external magnetic field strongly affects the charge segregation, thus leading to the colossal magnetocapacitance effect. These results can be explained in terms of spin and charge inhomogeneities and their interplay in manganites. While contact effects seem unlikely, the question whether the measured giant dielectric permittivity is caused by either intrinsic Maxwell-Wagner effect or segregated charge dynamics or both of them remains to be clarified.
